Abstract. Land surface emissivity is a key parameter in estimating the land surface radiation budget. The validation of the moderate-resolution imaging spectroradiometer (MODIS) land surface emissivity with field measurements is rarely performed. In this study, a field measurement was performed over the central part of the Taklimakan Desert for the validation of the MODIS land surface emissivity products (MOD11B1) Version 4 (V4.1) and Version 5 (V5). The homogeneity of two validation sites was verified using the advanced spaceborne thermal emission and reflection radiometer (ASTER) land surface temperature and emissivity acquired closely before and after the overpass of MODIS. MOD11B1 V4.1 and V5 emissivity data for bands 29, 31, and 32 were compared to the emissivity calculated from the field measured emissivity spectra convolved with the filter function of the MODIS bands 29 (8.52 μm), 31 (11.03 μm), and 32 (12.04 μm). The comparison results indicate that the V4.1 emissivity data agree well with the field measurements, with mean absolute differences of 0.017 and 0.007 for site 1 and site 2, respectively, and the mean absolute differences of the V5 emissivity data were 0.034 and 0.033 for site 1 and site 2, respectively. The data version used must be considered when MOD11B1 is used in real applications, especially for time series analysis.
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Introduction
Land surface emissivity (LSE), as an intrinsic property of natural materials, is primarily determined by the physical state and composition of the relevant materials. 1, 2 As an indicator of material composition, LSE can be used for terrestrial and planetary geological studies, bedrock mapping, resource exploration, and land cover characterization. [3] [4] [5] [6] [7] LSE is also a critical input for accurately determining the land surface temperature (LST). 8, 9 LSE and LST together determine the longwave radiation in the land-surface radiation and energy budgets and are the key input parameters in climatic, hydrological, ecological, and biogeochemical models. 0.05 deg for Version 5 (V5)] LST and emissivity product twice daily, which has been used to map global broadband emissivity, 16 estimate surface longwave radiation, 17 and develop an emissivity database for the retrieval of atmospheric properties. 18, 19 Many studies have been conducted for the validation of the MODIS LST product. 11, 20, 21 However, the validation of the MODIS LSE product is relatively scarce, especially the validation using field-measured emissivity. As a result, the MODIS emissivity product is not well recognized by the remote sensing community. Wang and Liang calculated the broadband emissivity using V4 and V5 of the MODIS monthly LST and LSE product V4 and V5 over six surface radiation budget network sites from 2000 to 2007. 22 The broadband emissivity of the V5 data is greater than that of the V4 data at each site, and the seasonal variation of the V5 broadband emissivity data is very small. Hulley and Hook compared the V4, 4.1, and 5 of the MODIS emissivity products (MOD11B1) and validated them with the laboratory-measured emissivity of sand samples. 23 The MOD11B1 V4.1 emissivity values most closely matched the laboratory results, with a mean absolute difference of 0.0065, and the V5 emissivity was overestimated in all bands, with a mean absolute difference of 0.0193, when compared to the laboratory results. Gottsche and Hulley validated six satellite-retrieved LSE products over land gravel plains and sand dunes in the hyper-arid Namib desert in Namibia using the in situ LSE obtained by the one-lid emissivity box method. 24 The MOD11B1 V4.1 emissivity data frequently exhibited more extreme values (e.g., <0.92), and the MOD11B1 V5 emissivity data overestimated the actual values. The laboratory-measured emissivity data may differ from the field-measured emissivity as the surface microstructure is disturbed when the sand is transferred from the outdoors to the laboratory. The date of the field measurements is not exactly matched with the acquisition day of the examined emissivity product in the study of Gottsche and Hulley. In this study, we validate the MODIS emissivity product using synchronous field measured emissivity collected over the Taklimakan Desert.
Emissivity Products

MODIS Emissivity Product
The MODIS/Terra LST and LSE (MOD11B1) product is tile-based and gridded in the sinusoidal projection produced daily at 5 km (exactly 4.63 km) spatial resolution for both V4 and V4.1 and at 6 km (exactly 5.56 km) spatial resolution for V5. 21 The MOD11B1 product is produced using the physically based day/night algorithm, which consists of 14 equations for the solution of 14 land-surface and atmospheric parameters (namely, the daytime and nighttime LSTs, the LSEs of the seven bands, the daytime and nighttime temperatures and water vapor contents of the lower layer of the atmosphere, and the bidirectional reflectance factor) based on the day/night observations of the seven infrared MODIS bands (bands 20, 22, 23, 29, 31, 32, and 33) . 25 The change in the spatial resolution from V4 to V5 was implemented to avoid resampling in the latitude direction when computing the MOD11C3 climate model grids. Another change from V4 to V5 is that the emissivity for the split-window (SW) algorithm 26 is partly incorporated in the V4 product, i.e., it is used as an initial emissivity value for iteratively solving the constructed equations, while the SW emissivity is fully incorporated into the V5 product.
The MOD11B1 product tile H24V5 covers the location of the field measurements. The MOD11B1 product was reprojected from sinusoidal to geographical latitude/longitude to produce a spatial match. The bands 29 (8.52 μm), 31 (11.02 μm), and 32 (12.54 μm) of the MOD11B1 emissivity data were used for comparison. The quality of each pixel is guaranteed by examining the quality control information. Only pixels with good quality were considered. Figure 1 shows the MOD11B1 V4.1 emissivity data acquired on June 6, 2011, for band 29.
Advanced Spaceborne Thermal Emission and Reflection Radiometer Temperature and Emissivity Products
The advanced spaceborne thermal emission and reflection radiometer (ASTER) was launched on December 19, 1999, on NASA's Terra satellite. ASTER has five thermal infrared (TIR) bands in the spectral range of 8 to 12 μm and a high spatial resolution of 90 m. The ASTER temperature and emissivity separation (TES) algorithm was used to produce the LST and LSE products (ASTER standard data products AST05 and AST08). 4 The TES algorithm is a hybrid algorithm that combines the advantages of the normalized emissivity method, 27 the spectral ratio method, and the difference between the minimum emissivity and the maximum emissivity. 28 The primary goal of the ASTER TES algorithm is to determine the emissivity for rocks and soils. 4, 29 The accuracy of emissivity measurements for rocks and soils is guaranteed. Field validation of the ASTER TES algorithm demonstrated that TES generally performed with nominal accuracy (∼ AE 1.5 K for temperature, and ∼ AE 0.015 for emissivity). 30 Some other validation works also indicate that the ASTER TIR emissivity data achieved high accuracy over arid and semi-arid areas. [30] [31] [32] [33] Regarding vegetation, the accuracy of the emissivity inversion cannot meet the design goal due to either the low spectral contrast of the vegetation emissivity or the presence of high atmospheric temperatures and humidity, as reported by several authors. 13, 29, 34 When the TES algorithm was modified multiple times to accommodate the low emissivity contrasts and error in the measured data, the accuracy was improved over the first version. 35 Generally speaking, the ASTER data exhibit the highest spatial resolution (90 m) and the most accurate satellite emissivity product.
The ASTER temperature and emissivity products were used to characterize the homogeneity of the validation sites. We did not acquire the ASTER data on the date of the field measurements, but we did acquire two ASTER images on June 3 and June 10, 2011.
Validation Data
Taklimakan Desert
The Taklimakan Desert is the largest active desert in China and the second largest in the world, and it lies in a depression between two high, rugged mountain ranges. The Taklimakan Desert is located at 72°14' to 90°37' E, 36°23' to 42°6' N. The middle of the desert has a typical continental climate, with high winds and temperatures as well as low annual rainfall. In the sand dune areas of the Taklimakan Desert, the dune height is generally 100 to 200 m, and it occasionally can reach up to 300 m. The types of sand dunes in the Taklimakan Desert are compound, sand hills, sand ridges, and tower-type dunes with honeycomb-like, feathery, scaly, and unpredictable surface types. During sand storms and dusty weather, the grain size parameter of Taklimakan Desert ranges from 3 to 4 (0.0625 to 0.125 mm), with a standard deviation of 0.03 to 0.98. 36 During the day in the Taklimakan Desert, the scorching sun can heat the dazzling silver sand to surface temperatures that can reach 70 to 80°C and strong evaporation occurs. Figure 2 presents the geographical locations and the landscape of the validation sites.
Field Measurements
We conducted the field measurements on June 6, 2011, at the Taklimakan Desert. In total, two flat and homogeneous sand sites in the central area of the Taklimakan sand were selected. The geographical locations of the sites are (38.97°N, 83.57°E) for site 1 and (38.97°N, 83.69°E) for site 2. The Model 102 Portable FT-IR Spectrometer (Model 102F) and a Labsphere gold plate were used to measure spectral radiance emitted by the target and by the environment under a clear sky. The spectral range of the Model 102F instrument is 2 to 16 μm, and the spectral resolution can be chosen to be 4, 8, or 16 cm −1 , with an optional resolution of 2 cm −1 . The operating temperature range is 15 to 35°C. Before the measurement, the Model 102F was preheated until the internal temperature was steady. Next, the Model 102F was calibrated by a thermal infrared blackbody at five known temperatures. The target and the infrared golden plate were measured alternatively. Note that the field measurement occurred only under the weather conditions of no clouds, no near-surface winds, and a relatively stable atmosphere. The emissivity spectrum was derived from the radiometric measurements by the iterative spectrally smooth temperature and emissivity separation algorithm. 37 For each site, we conducted three measurements, and then we randomly chose two points within a distance of ∼500 m from the site and conducted three measurements at each of the points. The derived nine emissivity spectra were averaged and regarded as the emissivity of the site. Figure 3 shows the field-measured mean emissivity spectra of site 1 and site 2 in the spectral range of 8 to 13 μm, and the average and standard deviation of the emissivity corresponding to the MODIS bands 29, 31, and 32.
Results and Discussion
The homogeneity of the validation site is a prerequisite for the validation of the satellite products. The ASTER temperature and emissivity data were used to characterize the homogeneity of the validation sites. Figure 4 shows the emissivity for ASTER bands 10 and 14. Visually, site 1 is more homogeneous than site 2.
According to Norman and Becker, 38 there are two types of emissivity for each nonisothermal pixel, i.e., r-emissivity and e-emissivity. Centered on the geographical locations of the validation sites, we calculated r-emissivity and e-emissivity for the subregions of 62 Ã 62, 124 Ã 124, 248 Ã 248 ASTER pixels (∼1 Ã 1, 2 Ã 2, 4 Ã 4 MODIS pixels) using Eqs. (1) and (2) . The r-emissivity can be used to express the area weighting of the component emissivity, which has no relationship with the component temperature. If a pixel has N components, then ε r;i ðθ; ϕÞ ¼ X N k¼1 a k ε r;i;k ðθ; ϕÞ;
where i represents the band, a k is the normalized-area proportion of component k, and ε r;i;k ðθ; ϕÞ is the emissivity of each component in the direction of ðθ; ϕÞ. The e-emissivity is defined as the ratio of the total radiation of a natural object surface to the blackbody radiation with an identical temperature distribution. When the pixel has N components, ε e;i ðθ; ϕÞ ¼ P N k¼1 a k ε r;i;k ðθ; ϕÞT n R;i;k ðθ; ϕÞ P N k¼1 a k T n R;i;k ðθ; ϕÞ ;
where T n R;j;k ðθ; ϕÞ is the approximation to the exponential function of blackbody radiation. Thus, the e-emissivity is a function of an object's component temperatures. Figures 5 and 6 show the calculated r-emissivity and e-emissivity using ASTER TIR emissivity on June 3 and June 10, 2011, for the three subregions. For site 1, the absolute difference between r-emissivity and eemissivity for each TIR band is <0.0007 on June 3, 2011, and the value of the difference is <0.00002 on June 10, 2011. The corresponding difference values for site 2 on June 3 and June 10, 2011, are 0.0005 and 0.0009, respectively. Thus, the definition of emissivity will not affect the validation results in this study. Hereafter, we will use r-emissivity in the comparison. Because the size (area ratio) of each ASTER pixel within the subregion is the same, the r-emissivity equals the average emissivity. We also calculated the standard deviation of the ASTER emissivity for each subregion. The emissivity variation of site 1 is slightly smaller than that of site 2 as site 1 is relatively more homogeneous than site 2 (Fig. 4) . When the subregion changes from 64 Ã 64 to 128 Ã 128, the variation of the average emissivity variation is <0.001 and 0.002 for sites 1 and 2, respectively, and the variation of the emissivity standard deviation variation is <0.002 and 0.002 for sites 1 and 2, respectively. The variation of the average emissivity is <0.003 and 0.006 for sites 1 Fig. 5 The r -emissivity and e-emissivity derived from the AST05 and AST08 on June 3, 2011 (upper), and June 10, 2011 (lower), for site 1. Fig. 6 The r -emissivity and e-emissivity derived from the AST05 and AST08 on June 3, 2011 (upper), and June 10, 2011 (lower), for site 2. and 2, respectively, and the variation of emissivity standard deviation is <0.004 and 0.005 for sites 1 and 2, respectively, as the subregion changes from 64 Ã 64 to 254 Ã 254. The emissivity standard deviation decreases gradually from band 10 to band 14 for each subregion, i.e., band 10 exhibits the largest standard deviation, while band 14 exhibits the smallest standard deviation. The emissivity standard deviation for bands 10 to 12 ranges from 0.012 to 0.018, and the corresponding value for bands 13 and 14 ranges from 0.001 to 0.006. The emissivity standard deviation tends to decrease when the subregion size increases for bands 10 to 12. The variation of the average emissivity is quite small, and the larger emissivity standard deviation is on the order of the ASTER nominal emissivity accuracy with respect to the increasing size of subregions. Therefore, the measurement sites can be considered to be homogeneous.
We extracted the emissivity from MOD11B1 for bands 29, 31, and 32, and compared the results to the emissivity calculated by convolving the field-measured emissivity spectra with the filter function of MODIS bands 29, 31, and 32. The comparison results are shown in Fig. 7 and Table 1 . Generally, the MOD11B1 V4.1 emissivity agrees better with the field measurements than does the MOD11B1 V5 emissivity. The MOD11B1 V5 emissivity overestimates the sand emissivity for all three bands. This overestimation is consistent with the results of Hulley and Hook. 23 The SW emissivity is derived using a land-cover classification method and cannot capture the actual emissivity variation of the land surface, especially the sand. Thus, the full incorporation of SW emissivity with the day/night algorithm in V5 degrades the accuracy of the retrieved emissivity over the desert. The MOD11B1 V4.1 product underestimates the band 29 Fig. 7 Comparison of the MOD11B1 emissivity data with the field-measured emissivity data. Error bars denote the standard deviation of field-measured emissivity. emissivity with the bias of −0.011 and −0.009 for site 1 and site 2, respectively, whereas the MOD11B1 V5 product overestimates the sand emissivity with the bias of 0.059 and 0.067 for site 1 and site 2, respectively. For band 31, both the MOD11B1 V4.1 and V5.0 products agree well with the measurements. The difference for MOD11B1 V4.1 and V5.0 is only 0.012 and 0.020 for site 1. The bias becomes −0.001 and 0.017 for MOD11B1 V4.1 and V5.0, respectively, for site 2. Regarding band 32, both the MOD11B1 V4.1 and V5 overestimate the sand emissivity. The bias of MOD11B1 V4 is 0.027 and 0.011 for site 1 and site 2, respectively, and the bias of MOD11B1 V5 is 0.023 and 0.017 for site 1 and site 2, respectively. The bias of MOD11B1 V5 is quite large for band 29, and the emissivity of band 29 should not be used in real applications. Statistically, the average absolute bias of MOD11B1 V4.1 is 0.017 and 0.007 for site 1 and site 2, respectively, whereas the average bias of MOD11B1 V5 is 0.034 and 0.033 for site 1 and site 2, respectively. Evidently, the user must pay attention to the version when using MODIS emissivity product, especially the time series analysis using the MODIS emissivity product.
Conclusion
A field measurement was conducted over the central part of the Taklimakan Desert for the validation of the MODIS land surface emissivity products (MOD11B1) V4.1 and V5. The ASTER LST and LSE data acquired closely before and after the overpass of MODIS was used to characterize the homogeneity of the measurement sites. Two types of emissivity (r-emissivity and e-emissivity) were calculated for the subregions centered on the validation sites with sizes of 62 Ã 62, 124 Ã 124, and 248 Ã 248 ASTER pixels. The absolute difference between r-emissivity and e-emissivity for each TIR band over the two validation sites is <0.0009. Thus, the definition of emissivity for a nonisothermal pixel will not influence the validation results. The variation of the average emissivity is quite small, and the largest emissivity standard deviation is on the order of the ASTER nominal emissivity accuracy with respect to the increasing size of the subregions. Thus, the validation sites can be thought of as homogeneous. MOD11B1 V4.1 and V5 emissivity for bands 29, 31, and 32 were compared to the emissivity calculated by convolving the field-measured emissivity spectra with the filter function of the MODIS bands 29, 31, and 32. The comparison results indicated that the V4.1 emissivity data agree well with the field measurements, with mean absolute difference of 0.007 and 0.017 for site 1 and site 2, respectively. The mean absolute differences of V5 emissivity versus the field measurements were 0.036 and 0.033 for site 1 and site 2, respectively. Thus, the version must be considered when MOD11B1 is used in real applications, especially for the time series analysis.
